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nuclear mass number 
binomial coefficient 

average slope parameter of nucleon-nucleon scattering amplitude, fm 2 
projectile impact parameter vector, fm 
energy, GeV or MeV 

two-nucleon kinetic energy in their center-of-mass frame, GeV 

defined by equation (3) 

defined by equation (7) 

total number of projectile nucleus neutrons 

number of abraded neutrons 

probability that an abraded nucleon escapes without further 
interaction 

probability for not removing single nucleon by abrasion 
two-nucleon relative position vector, fm 
total number of projectile-nucleus protons 
number of abraded protons 

position vector of projectile along beam direction, fm 
collection of constituent relative coordinates for target, fm 
nuclear single-particle density, fm -3 
cross section, fm 2 or mb 
mean- free path, fm 

abraded 

prefragment excitation 

frictional spectator interaction 

nucleon- nucleon 

nuclear 

projectile 

prefragment 

target 
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Abstract 


Quantum-mechanical optical model methods for calculating cross 
sections for the fragmentation of galactic cosmic ray nuclei by hy- 
drogen targets are presented. The fragmentation cross sections are 
calculated with an abrasion- ablation collision formalism. Elemental 
and isotopic cross sections are estimated and compared with mea- 
sured values for neon , sulfur , and calcium ions at incident energies 
between 400A MeV and 910A MeV. Good agreement between theory 
and experiment is obtained. 

Introduction 

The fragmentation of galactic cosmic ray (GCR) nuclei in hydrogen targets is an important 
physical process in several areas of space radiation physics research. In astrophysics, it is crucial 
to understanding cosmic ray propagation and source abundances (ref. 1) because interstellar 
hydrogen is the major type of material encountered by GCR nuclei traveling through the 
universe. In studies of spacecraft shielding for interplanetary missions (ref. 2), hydrogen has 
been found to be the most effective GCR shield material per unit mass. In addition, hydrogen is 
a major constituent of human tissue. Therefore, accurate cross sections are needed for properly 
estimating GCR radiation exposures to critical body organs (ref. 3). 

Previously, cross-section predictions used in these studies have been obtained from semi- 
empirical formulations (refs. 4 to 7). The most commonly used formulation is the one by 
Silberberg and collaborators (ref. 5). The most accurate formulation appears to be a recent 
one by Webber and collaborators (ref. 6). None are based upon fundamental physics. All have 
numerous parameters that are adjusted as necessary to fit existing measurements. 

The production of fragments in peripheral, relativistic heavy ion collisions has been the 
subject of numerous theoretical and experimental investigations for about 2 decades. Many of 
these investigations were summarized in reviews published during this period (refs. 7 to 10). 
Early attempts to explain fragmentation used statistical models (refs. 11 and 12). These were 
followed by a two-step abrasion- ablation model (ref. 13), which was based upon earlier work by 
Serber in high-energy, inelastic nuclear collisions (ref. 14). 

The main shortcoming associated with the use of early abrasion-ablation models for nuclear 
fragmentation on hydrogen targets is the unrealistically large proton radius needed for the 
prefragment excitation energy estimate. This radius is dictated by the reliance on excess surface 
energy of the misshapen liquid drop as the only source of prefragment excitation. 

This shortcoming in the model can be rectified by considering an abrasion-ablation 
frictional-spectator-interaction (FSI) model where the abrasion stage is described by a quantum- 
mechanical optical model formalism and the ablation stage is modeled with cascade-evaporation 
techniques. There is no excess surface area energy. Instead, the prefragment excitation energy 
is assumed to be provided by FSI contributions from the abraded nucleons. This fragmentation 
model is proposed in this report. 

Abrasion- Ablation Models 

In an abrasion-ablation model, the projectile nuclei, moving at relativistic speeds, collide 
with stationary target nuclei. In the abrasion step (particle knockout), those portions of the 
nuclear volumes that overlap are sheared away by the collision. The remaining projectile piece, 
called a prefragment, continues its trajectory with essentially its precollision velocity. Because of 
the dynamics of the abrasion process, the prefragment is highly excited and subsequently decays 



by the emission of gamma radiation or nuclear particles. This step is the ablation stage. The 
resultant isotope is the nuclear fragment whose cross section is measured. The abrasion step is 
often formulated with methods obtained from quantum scattering theory (refs. 15 and 16) or 
with classical geometry arguments (refs. 13 and 17). The ablation step is typically modeled 
with compound nucleus decay (refs. 13 and 18) or combined cascade-evaporation (ref. 19) 
methods. Other approaches based upon nuclear Weiszacker-Williams methods (ref. 20) and 
nucleon- nucleon cascade plus statistical decay models (ref. 21) have also been proposed. 

Although abrasion-ablation fragmentation models have been quite successful in predicting 
fragment production cross sections, their predictive accuracy is hampered by the need to estimate 
the (unknown) prefragment excitation energy. Various models have been developed for this 
purpose (refs. 13, 15, 18, and 22). The most widely used excitation energy formalism (ref. 13) 
treats the fragmenting nucleus as a misshapen liquid drop whose excitation is given by the excess 
surface energy resulting from the abrasion step. Although this method worked fairly well for 
nucleus-nucleus fragmentations, its use in nucleus-hydrogen collisions, among other difficulties, 
required an artificially large proton radius (ref. 13). 

When it was recognized that additional excitation energy was required to improve the 
agreement between theory and experiment for nucleus-nucleus collisions, the concept of FSI 
energy was introduced (ref. 22). This concept is based upon the assumption that some abraded 
nucleons are scattered into rather than away from the prefragment, thereby depositing additional 
excitation energy. This concept significantly improved the agreement between theory and 
experiment. 

Over the past 10 years, we have formulated an optical model abrasion-ablation-FSI descrip- 
tion of fragmentation in relativistic nucleus-nucleus collisions that is used to predict fragment 
production cross sections (refs. 16 and 23 to 42) and momentum distributions of the emitted 
fragments (refs. 43 through 47). In the present work, this fragmentation model is modified to 
make it applicable to nucleus-nucleon collisions. As previously discussed, the main shortcoming 
associated with the use of early abrasion-ablation models for nuclear fragmentation on hydrogen 
targets is the unrealistically large proton radius needed for the prefragment excitation energy 
estimate. This radius is dictated by the reliance on excess surface energy of the misshapen liquid 
drop as the only source of prefragment excitation. 

This shortcoming in the model can be rectified by considering the physics of the fragmentation 
process. For instance, a picture of overlapping nuclear volumes being sheared off may be 
reasonable for heavier nuclei colliding with each other, but it is not reasonable for a single 
nucleon striking another nucleus. Instead, a more reasonable physical picture involves individual 
collisions between the projectile constituents and the target proton. Some struck projectile 
nucleons exit the fragmenting nucleus without further interaction, and some interact one or more 
times with the remaining constituents before departing. The remaining nucleus (prefragment), in 
an excited state because of the energy deposited during the collision, then deexcites by particle- 
or gamma-emission processes. This picture is easily described by an abrasion-ablation FSI model 
where the abrasion stage is described by a quantum-mechanical optical model formalism and 
the ablation stage is modeled with cascade-evaporation techniques. There is no excess surface 
area energy. Instead, the prefragment excitation energy is assumed to be provided by FSI 
contributions from the abraded nucleons. This fragmentation model is proposed in this report. 

Theory 

In the nucleus- nucleus optical potential formalism (ref. 29), the cross section for producing, 
by abrasion, a prefragment of charge Z pp and mass App is given by 

*abr(ZpF,^PF) = (n)(z)/ d 2 b[l - T(b)) n+ *[T(b)] A ™ (1) 
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where 


T(b) = exp[-A r o'jVAi'(e)/ (b)] 


( 2 ) 


and 


I{b) = [2nB(e)} 3/2 j dz 0 J d 3 £ T p T (£ T ) j d 3 yp P {b + z 0 + y + £ r ) exp[-y 2 /2B(e)} (3) 

The nuclear number densities pj(i = P or T) are obtained from the appropriate charge densities 
by an unfolding procedure (ref. 16). The constituent-averaged nucleon- nucleon cross sections 
a NN( e ) are given in reference 48. Values for the diffractive nucleon-nucleon scattering slope 
parameter B(e) are obtained from the parameterization in reference 49. 

In equation (1) a hypergeometric charge dispersion model is chosen to describe the distribu- 
tion of abraded nucleons. The model assumes that z out of Z projectile protons and n out of N 
projectile neutrons are abraded where 


N + Z = A P 

(4) 

Tpp — Ap — n — z 

(5) 


denotes the usual binomial coefficient expression from probability theory. 

For nuclear collisions with hydrogen (proton) targets, the appropriate target number density 
to use is given by the Dirac delta function 



pt(€t) = <$(£r) (6) 

Inserting equation (6) into equation (3) yields 

I p {b) = [2n B (e)}~ 3 / 2 J dz 0 J d 3 ypp(b + z 0 + y) exp[-y 2 /2B(e)} (7) 

With Aj^ = 1, equation (2) becomes 

T(b) = exp[— a NN (e)I p (h)] (8) 

The nucleus- hydrogen abrasion cross sections are calculated with equations (1), (7), and (8). 
Prefragment excitation energies are estimated from the FSI energy contribution 

-Eexc — EfSI (^) 


which is calculated with the model of Rasmussen (ref. 22). With this model, the rate of energy 
transfer to the prefragment is 


dE_E_ 
dx 4A 


( 10 ) 


where 


A = 


1 

P a NN 


a NN 


300 

~E 


(11) 
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yields 


— = -12.75 MeV/fm (12) 

dx 

If a spherical nucleus of uniform density is assumed, the average energy deposited per 
interaction is 

( E FS i ) « 10.2A 1 / 3 MeV (13) 

Therefore, the abrasion cross section for a prefragment species (Zpp,App) which has 
undergone q frictional spectator interactions is 

<T abr (Z PF ,A PF , g ) = (1 - Pesc) 9 (Pesc) n+z - q <r abT (Zp F ,Ap F ) (14) 

where 0 < q < n + z, and P esc is the probability that an abraded nucleon escapes without 
undergoing any frictional spectator interactions (ref. 34). In this report, the choice of /esc = 0-5 
follows from the original work of Rasmussen (ref. 22). Such a value assumes that the nuclear 
surface has no curvature, and this value should be reasonably correct for heavy nuclei. For 
lighter nuclei, the surface can exhibit significant curvature such that the value of P eS c can be 
larger than 0.5. Methods for estimating Pesc when nuclear surface curvature is considered have 
been formulated by Vary and collaborators (ref. 50). 

Depending upon the magnitude of its excitation energy, the prefragment will decay by 
emitting nucleons, composites, and gamma rays. The probability n,j (q) that a prefragment 
species j, which has undergone q frictional spectator interactions, deexcites to produce a 
particular final fragment of type i is obtained with the EVA-3 Monte Carlo cascade-evaporation 
computer code (ref. 19). Therefore, the final hadronic cross section for production of the type i 
isotope is obtained from 


n+z 

^nuc {Zii-A-i) — EE Qf ij(^) cr abr(^jf 5 Aj, q) (1°) 

j Q = 0 

where the summation over j accounts for contributions from different prefragment isotopes j, 
and the summation over q accounts for the effects of different FSI excitation energies. Finally, 
the elemental production cross sections are obtained by summing all isotopes of a given element 
according to 

&nuc(Zj) == ^ ^nuc (^®) 


Results 

Figures 1 and 2 show isotope production cross sections obtained with equation (15) for 32 S 
beams at 400A MeV fragmenting in hydrogen targets. The figures also show recently reported 
experimental results (ref. 51). For clarity, the experimental error bars are not plotted. The 32 S 
nuclear density used in the calculation was a Woods-Saxon form with skin thickness and half- 
density radius obtained from reference 48. The agreement between theory and experiment is 
quite good, especially considering that no arbitrary parameters are in the theory. Quantitatively, 
a distribution analysis of the cross-section differences between theory and experiment finds that 
32 percent agree within the experimental uncertainties, 50 percent agree within a 25-percent 
difference, nearly 75 percent agree within a 50-percent difference, and over 82 percent agree 
within a factor of 2. 

Elemental production cross-section predictions obtained from equation (16) are displayed 
in figures 3 to 8 for 2 ^Ne beams at 400 A MeV and 910 A MeV and for 32 S and ^Ca beams at 
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400A MeV and 800A MeV incident kinetic energies colliding with hydrogen targets. The nuclear 
densities used in the calculations were Woods-Saxon forms with skin thicknesses and half-density 
radii again obtained from reference 48. These experimental data were taken from reference 51. 
Overall, the agreement between theory and experiment is good, although the theory tends to 
predict values that are slightly larger than the reported measurements. 
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Fragment mass 


Figure 1. Isotope production cross sections for 400 A MeV 32 S fragmentation in hydrogen targets for isotopes of P, 
Al, Na, and F fragments. 


• Theory 
o Experimental O 



Fragment mass 


Figure 2. Isotope production cross sections for 400A MeV 32 S fragmentation in hydrogen targets for isotopes of Si, 
Mg, Ne, and O fragments. 
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Figure 3. Element production cross sections for 400A MeV 20 Ne fragmentation in hydrogen targets. 
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Fragment charge 

Figure 4. Element production cross sections for 910A MeV 20 Ne fragmentation in hydrogen targets. 
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Figure 5. Element production cross sections for 400A MeV 32 S fragmentation in hydrogen targets. 
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Figure 6. Element production cross sections for 800A MeV 32 S fragmentation in hydrogen targets. 
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Fragment charge 

Figure 7. Element, production cross sections for 400A MeV 40 Ca fragmentation in hydrogen targets. 
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Figure 8. Element production cross sections for 800A MeV 40 Ca fragmentation in hydrogen targets. 

Concluding Remarks 

A simple, yet accurate, optical potential abrasion-ablation fragmentation model has been 
developed for use in studies of galactic cosmic ray breakup on hydrogen targets. The model 
has no arbitrarily adjusted parameters. Model predictions have good agreement with recent 
laboratory measurements of elemental and isotopic production cross sections for the fragmenting 
of neon, sulfur, and calcium beams on hydrogen targets. 

NASA Langley Research Center 
Hampton, VA 23C81-0001 
October 28, 1993 


7 



References 


1. Wefel, John P.: An Overview of Cosmic-Ray Research — Composition, Acceleration, and Propagation. Genesis 
and Propagation of Cosmic Rays , Maurice M. Shapiro and John P. Wefel, eds., D. Reidel Publ. Co., 1988, 
pp. 1-40. 

2. Townsend, L. W.; and Wilson, J. W.: Interaction of Space Radiation With Matter. IAF/IA A-90-543, Oct. 1990. 

3. Wilson, John W.; Townsend, Lawrence W.; Schimmerling, Walter; Khandelwal, Govind S.; Khan, Ferdous; Nealy, 
John E.; Cucinotta, Francis A.; Simonsen, Lisa C.; Shinn, Judy L.; and Norbury, John W : Transport Methods 
and Interactions for Space Radiations. NASA RP-1257, 1991. 

4. Rudstam, G.: Systeinatics of Spallation Yields. Zeitschrift fur N aturf or s chung, vol. 21a, no. 7, July 1966, 
pp. 1027-1041. 

5. Silberberg, R.; Tsao, C. H.; and Letaw, John R.: Improvement of Calculations of Cross Sections and Cosmic-Ray 
Propagation. Composition and Origin of Cosmic Rays , Maurice M. Shapiro, ed., D. Reidel Publ. Co., c.1983, 
pp. 321-336. 

6. Webber, W. R.; Kish, J. C.; and Schrier, D. A.: Formula for Calculating Partial Cross Sections for Nuclear 
Reactions of Nuclei With E ^ 200 MeV/Nucleon in Hydrogen Targets. Phys. Review C , vol. 41, no. 2, Feb. 1990, 
pp. 566-571. 

7. Townsend, Lawrence W.; Wilson, John W.; Tripathi, Ram K.; Norbury, John W.; Badavi, Francis F.; and Khan, 
Ferdous: HZEFRG 1 : An Energy- Dependent Semiempincal Nuclear Fragmentation Model. NASA TP-3310, 1993. 

8. Goldhaber, Alfred S.; and Heckman, Harry H.: High Energy Interactions of Nuclei. Annual Review of Nuclear 
and Particle Science , vol. 28, J. D. Jackson, Harry E. Gove, and Roy F. Schwitters, eds., Annual Reviews Inc., 
1978, pp. 161-205. 

9. Hiifner, J.: Heavy Fragments Produced in Proton- Nucleus and Nucleus-Nucleus Collisions at Relativistic Energies. 
Phys. Rep., vol. 125, no. 4, Aug. 1985, pp. 129 185. 

10. Bromley, D. Allan, ed.: Treatise on Heavy-Ion Science. Plenum Press. 

Volume 1 Elastic and Quasi- Elastic Phenomena, c.1984. 

Volume 2 Fusion and Quasi- Fusion Phenomena . c.1984. 

Volume 3- -Compound System Phenomena, c.1985. 

Volume 4 — Extreme Nuclear States, c.1985. 

Volume 5— High-Energy Atomic Physics, c.1985. 

Volume 6 Astrophysics, Chemistry , and Condensed Matter, c.1985. 

Volume 7 Instrumentation and Techniques . c.1985. 

Volume 8 Nuclei Far From Stability, c.1989. 

11. Feshbach, H.; and Huang, K.: Fragmentation of Relativistic Heavy Ions. Phys. Lett., vol. 47B, no. 4, Nov. 26, 
1973, pp. 300 302. 

12. Goldhaber, A. S.: Statistical Models of Fragmentation Processes. Phys. Lett., vol. 53B, no. 4, Dec. 23, 1974, 
pp. 306 308. 

13. Bowman, J. D.; Swiatecki, W. J.; and Tsang, C. F.: Abrasion and Ablation of Heavy Ions. LBL-2908, Lawrence 
Berkeley Lab., Univ. of California, July 1973. 

14. Serber, R.: Nuclear Reactions at High Energies. Phys. Review , vol. 72, no. 11, Dec. 1, 1947, pp. 1114 1115. 

15. Hiifner, J.; Schafer, K.; and Schiirmann, B.: Abrasion- Ablation in Reactions Between Relativistic Heavy Ions. 
Phys. Review , ser. C, vol. 12, no. 6, Dec. 1975, pp. 1888-1898. 

16. Townsend, L. W.: Abrasion Cross Sections for 20 Ne Projectiles at 2.1 GeV/Nucleon. Canadian J. Phys., vol. 61, 
no. 1, Jan. 1983, pp. 93-98. 

17. Gosset, J.; Gutbrod, H. H.; Meyer, W. G.; Poskanzer, A. M.; Sandoval, A.; Stock, R.; and Westfall, G. D.: 
Central Collisions of Relativistic Heavy Ions. Phys. Review C , vol. 16, no. 2, Aug. 1977. pp. 629 657. 

18. Gaimard, J.-J.; and Schmidt, K.-H.: A Reexamination of the Abrasion-Ablation Model for the Description of the 
Nuclear Fragmentation Reaction. Nucl. Phys., vol. A531, 1991, pp. 709 745. 

19. Morrissey, D. J.; Oliveira, L. F.; Rasmussen, J. O.; Seaborg, G. T.; Yariv, Y.; and Fraenkel, Z.: Microscopic and 
Macroscopic Model Calculations of Relativistic Heavy-Ion Fragmentation Reactions. Phys. Review Lett vol. 43, 
no. 16, Oct. 15, 1979, pp. 1139-1142. 


8 



20. Feshbach, Herman; and Zabek, Mark: Fragmentation of Relativistic Heavy Ions. Ann. Phys., vol. 107, nos. 1-2, 
Sept. 6, 1977, pp. 110-125. 

21. Harvey, Bernard G.: Beam- Velocity Fragment Yields and Momenta in Nucleus-Nucleus Collisions From 

20 MeV/Nucleon to 200 GeV/Nucleon. Phys. Review C, vol. 45, no. 4, Apr. 1992, pp. 1748- 1756. 

22. Oliveira, Luiz F.; Donangelo, Raul; and Rasmussen, John O.: Abrasion-Ablation Calculations of Large Fragment 
Yields From Relativistic Heavy Ion Reactions. Phys. Review C, vol. 19, no. 3, Mar. 1979, pp. 826 833. 

23. Townsend, Lawrence W.: Ablation Effects in Oxygen- Lead Fragmentation at 2.1 GeV/Nucleon. NASA TM-85704, 
1984. 

24. Townsend, Lawrence W.; Wilson, John W.; Norbury, John W.; and Bidasaria, Hari B.: An Abrasion- Ablation 
Model Description of Galactic Heavy-Ion Fragmentation . NASA TP-2305, 1984. 

25. Norbury, John W.; Townsend, Lawrence W.; and Deutchman, Philip A.: A T-Matrix Theory of Galactic Heavy 
Ion Fragmentation. NASA TP-2363, 1985. 

26. Townsend, L. W.; Wilson, J. W.; and Norbury, J. W.: A Simplified Optical Model Description of Heavy Ion 
Fragmentation. Canadian J. Phys., vol. 63, no. 2, Feb. 1985, pp. 135-138. 

27. Townsend, L. W.; and Norbury, J. W.: Charge- to- Mass Dispersion Methods for Abrasion- Ablation Fragmentation 
Models. NASA TM-86340, 1985. 

28. Townsend, Lawrence W.; Wilson, John W.; Cucinotta, Francis A.; and Norbury, John W.: Optical Model 

Calculations of Heavy-Ion Target FYagmentation. NASA TM-87692, 1986. 

29. Townsend, L. W.; Wilson, J. W.; Cucinotta, F. A.; and Norbury, J. W.: Comparisons of Abrasion Model 
Differences in Heavy Ion Fragmentation: Optical Versus Geometric Models. Phys. Review C, vol. 34, no. 4, 
Oct. 1986, pp. 1491 1494. 

30. Cucinotta, Francis A.; Norbury, John W.; Khandelwal, Govind S.; and Townsend, Lawrence W.: Doubly 

Differential Cross Sections for Galactic Heavy-Ion Fragmentation. NASA TP-2659, 1987. 

31. Cucinotta, Francis A.; Khandelwal, Govind S.; Maung, Khin M.; Townsend, Lawrence W.; and Wilson, John W.: 
Eikonal Solutions to Optical Model Coupled- Channel Equations. NASA TP-2830, 1988. 

32. Norbury, John W.; and Townsend, Lawrence W.: Single Nucleon Emission in Relativistic Nucleus-Nucleus 
Reactions. Phys. Review C , third ser., vol. 42, no. 4, Oct. 1990, pp. 1775-1777. 

33. Cucinotta, Francis A.; Townsend, Lawrence W.; Wilson, John W.; and Khandelwal, Govind S.: Inclusive Inelastic 
Scattering of Heavy Ions and Nuclear Correlations. NASA TP-3026, 1990. 

34. Townsend, Lawrence W.; Norbury, John W.; and Khan, Ferdous: Calculations of Hadronic Dissociation of 
28 Si Projectiles at 14. 6A GeV by Nucleon Emission. Phys. Review C, third ser., vol. 43, no. 5, May 1991, 
pp. R2045 R2048. 

35. Cucinotta, Francis A.; Townsend, Lawrence W.; Wilson, John W.; and Norbury, John W.: Corrections to the 
Participant- Spectator Model of High-Energy Alpha Particle FYagmentation. NASA TM-4262, 1991. 

36. Cucinotta, Francis A,; Townsend, Lawrence W.; and Wilson, John W.: Target Correlation Effects on Neutron- 
Nucleus Total , Absorption , and Abrasion Cross Sections. NASA TM-4314, 1991. 

37. Cucinotta, Francis A.; Townsend, Lawrence W.; and Wilson, John W.: Inclusive Inelastic Scattering of Heavy 
Ions in the Independent Particle Model. J. Phys. G: Nucl. Particle Phys., vol. 18, no. 5, May 1992, pp. 889-901. 

38. Cucinotta, Francis A.; Townsend, Lawrence W.; and Wilson, John W.: Quasi-Elastic Nuclear Scattering at High 
Energies. NASA TM-4362, 1992. 

39. Cucinotta, Francis A.; Townsend, Lawrence W.; and Wilson, John W.: Production of 3 H at Large Momentum 
in a - 12 C Collisions at 2A GeV. Phys. Lett. B , vol. 282, no. 1, 2, May 21, 1992, pp. 1-6. 

40. Cucinotta, Francis A.; Townsend, Lawrence W.: and Wilson, John W.: Multiple-Scattering Effects in Quasielastic 
a- 4 He Scattering. Phys. Review C, vol. 46, no. 4, Oct. 1992, pp. 1451-1456. 

41. Cucinotta, Francis A.; Townsend, Lawrence W.; and Wilson, John W.: Description of Alpha-Nucleus Interaction 
Cross Sections for Cosmic Ray Shielding Studies. NASA TP-3285, 1993. 

42. Townsend, Lawrence W.; Khan, Ferdous; and Tripathi, Ram K.: Optical Model Calculations of 14-6 A GeV 
Silicon Fragmentation Cross Sections. NASA TM-4461, 1993. 


9 



43. Khan, F.; Khandelwal, G. S.; Townsend, L. W.; Wilson, J. W.; and Norbury, J. W.: Optical Model Description 
of Momentum Transfer in Relativistic Heavy Ion Collisions. Phys . Review C . third ser., vol. 43, no. 3, Mar. 1991, 
pp. 1372 1377. 

44. Townsend, L. W.; Wilson, J. W.; Khan, F.; and Khandelwal, G. S.: Momentum Transfer in Relativistic Heavy 
Ion Charge Exchange Reactions. Phys. Review C , third ser., vol. 44, no. 1, July 1991, pp. 540- 542. 

45. Tripathi, R. K.; Townsend, L. W.; and Khan, F.: Phenomenology of Flow Disappearance in Intermediate-Energy 
Heavy Ion Collisions. Phys. Review C, vol. 47, no. 3, Mar. 1993, pp. R935 R937. 

46. Khan, F.; Townsend, L. W.; Tripathi, R. K.; and Cucinotta, F. A.: Universal Characteristics of Transverse 
Momentum Transfer in Intermediate Energy Heavy Ion Collisions. Phys. Review (7, vol. 48, no. 2. Aug. 1993, 
pp. 926 928. 

47. Khan, Ferdous; and Townsend, Lawrence W.: Widths of Transverse Momentum Distributions in Intermediate- 
Energy Heavy Ion Collisions. Phys. Review C , vol. 48, no. 2, Aug. 1993, pp. 513 516. 

48. Townsend, Lawrence W.; and Wilson, John W.: Tables of Nuclear Cross Sections for Galactic Cosmic Rays: 
Absorption Cross Sections . NASA RP-1134, 1985. 

49. Ringia, F. E.; Dobrowolski, T.; Gustafson, H. R.; Jones, L. W.; Longo, M. J.; Parker, E. F.; and Cork, Bruce: 
Differential Cross Sections for Small- Angle Neutron-Proton and Neutron-Nucleus Elastic Scattering at 4.8 GeV/c. 
Phys. Review Lett., vol. 28, no. 3, Jan. 17, 1972, pp. 185-188. 

50. Benesh, C. J.; Cook, B. C.; and Vary, J. P.: Single Nucleon Removal in Relativistic Nuclear Collisions. Phys. 
Review C, third ser., vol. 40, no. 3, Sept. 1989, pp. 1198 1206. 

51. Guzik, J. G.; Albergo, S.; Chen, C. X.; Costa, S.; Crawford, H. J.; Engelage, J.; Ferrando. P.; Flores, I.; 
Greiner, L.; Jones, F. C.; Knott, C. N.; Ko, S.; Lindstrom, P. J.; Lynen, U.; Mazotta, J.; Miller, J.; 
Mitchell. J. W.; Mueller, W. F. J.: Romanski, J.; Potenza, R.; Soutoul, A.; Testard, O.; Tull, C. E.; Tuve, C.; 
Waddington, C. J.; Webber, W. R.; Wefel, J. P. ; and Zhang, X.: A Program To Measure New Energetic Particle 
Nuclear Interaction Cross Sections. COSPAR Paper No. F2.6-M.2.05. 


10 




REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 


1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 

December 1993 


3. REPORT TYPE AND DATES COVERED 

Technical Paper 


4. TITLE AND SUBTITLE 

Optical Model Analyses of Galactic Cosmic Ray Fragmentation in 
Hydrogen Targets 

5. FUNDING NUMBERS 

WU 199-45-16-11 

6. AUTHOR(S) 

Lawrence W. Townsend 


7. PERFORMING ORGANIZATION NAME{S) AND ADDRESS(ES) 

8. PERFORMING ORGANIZATION 

NASA Langley Research Center 

REPORT NUMBER 

Hampton, VA 23681-0001 

L- 17306 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

10. SPONSORING/MONITORING 

National Aeronautics and Space Administration 

AGENCY REPORT NUMBER 

Washington, DC 20546-0001 

NASA TP-3404 



Quantum-mechanical optical model methods for calculating cross sections for the fragmentation of galactic 
cosmic ray nuclei by hydrogen targets are presented. The fragmentation cross sections are calculated with an 
abrasion- ablation collision formalism. Elemental and isotopic cross sections are estimated and compared with 
measured values for neon, sulfur, and calcium ions at incident energies between 400A McV and 910A MeV. 
Good agreement between theory and experiment is obtained. 


14. SUBJECT TERMS 

Nuclear reactions; Galactic cosmic ray interactions; Nuclear spallation products; 
Frictional spectator interactions 


15. NUMBER OF PAGES 
13 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


NSN 7540 01 


16. PRICE CODE 

A03 


18. SECURITY CLASSIFICATION! 19. SECURITY CLASSIFICATION 20. LIMITATION 
OF THIS PAGE I OF ABSTRACT OF ABSVRACT 

Unclassified | Unclassified 


tandard Form 


Prescribed by ANSI Std. Z39-18 
298-102 






















